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Petrogenesis of the igneous Hocks comprising a 
portion of the Judith Mountains was the focus of this 
study. Geologic mapping shows the igneous rocks, from 
oldest to youngest, include porphyritic silica- 
saturated monzonite, amphibole syenite, pyroxene 
syenite and si 1ica—undersaturated tinguaite. Monzonite 
formed a central dome with the enclosing Paleozoic and 
Mesozoic sedimentary rocks followed by emplacement of 
both syenites along its flanks. Tinguaite intruded as 
dikes within monzoni te and along ring faults within 
sedimentary rocks peripheral to the central dome.
With decreasing age the igneous rocks show an increase 
in alkalinity and a decrease in silica. Pétrographie 
evidence includes sodic—amphibole replaced by sodic— 
pyroxene which is in turn zoned by more sodic—rich 
pyroxene; continuous decrease in quartz content until 
its eventual replacement by feldspathoids; and the 
formation of large potassium feldspar. These 
observations are similar to those described with the 
process of increasing fenitization. Chemical fenite 
fields also show significant overlap on molecular 
variation diagrams with those of the igneous rocks. 
Furthermore, estimated temperature during igneous 
emplacement lies well within the estimated temperature 
range associated with the development of fenites.
Carbonatite has been proposed beneath a portion of 
the Judith Mountains. Evidence includes the widespread 
occurrence of late forming quartz-calcite—fluorite- 
barite veins, intense potassium—metasomatism in one 
drill core, and the presence of tinguaite and its 
inclusions of ijolite.
The suggested petrogenetic model is that a 
carbonati tic mafic alkaline magma intruded the basement 
gneiss and exsolved a fluid phase rich in a carbonate 
complex capable of transporting K^, Na^, and Fe^"^ ions 
into the adjacent gneiss causing fenitization.
Portions of the fenitized zones then mobilized and 
intruded into the overlying sedimentary rocks.
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INTRODUCTION
Purggse
The purpose of this investigation is to study the 
petrogenesis of the alkaline igneous rocks comprising the 
Elk Peak and Lewis Peak area in the northeastern Judith 
Mountains. The most perplexing problem of the alkaline 
igneous rocks is the occurrence of temporally related 
si 1ica—saturated and undersaturated rock suites.
Several previous investigations have provided 
different petrogenetic models to account for the two rock 
suites. Wallace (1952) proposed limestone assimilation by 
calc—alkaline magma. Barrick (1982) proposed two separate 
magma chambers originated from a single parental 
kimberlitic magma; one underwent a process of liquid 
immlscibi1ity and the other crystal fractionation allowing 
for silica-saturated and undersaturated differentiates, 
respectively. Kirchner (1982) concluded the silica- 
saturated and undersaturated suites originated from the 
crust and mantle, respectively. These proposed origins for 
the alkaline rocks do not adequately explain the rock types 
present or their chemical and pétrographie relationships.
This investigation included detailed geologic mapping, 
pétrographie study, and geochemical analyses. The 
conclusions presented herein suggest the alkaline igneous 
rocks comprising the study area are rheomorphic fenites 
related to a carbonatitic mafic alkaline complex at depth.
1
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Location
The Judith Mountains are an isolated range rising 
abruptly 2000 to 2500 feet above the plains of central 
Montana. The total area is about 140 square miles 
(Fig. 1). The study area (Fig. 2) comprises about lO 
square miles within the Lewis Peak—Elk Peak area in the 
northeastern part of the range.
6sgional_Geology_any_JeçtoQigs
The Judith Mountains are part of the pétrographie 
province of central Montana first described by Pirsson 
(1905) and later expanded by Larsen (1940). The province 
includes a group of isolated igneous centers within the 
relatively stable foreland of the Rocky Mountains. The 
province includes the Crazy, Castle, Highwood, Little Belt, 
Judith, Adel, Mocassin, Little Rocky, Bearpaw, the northern 
end of the Big Belt Mountains, and the Sweetgrass Hills. 
Hearn (1968) includes a swarm of diatrernes near the 
Missouri River.
Pirsson (1905) noted that igneous rocks in the outer 
part of the province tended to be strongly siliceous; low 
in lime, iron, and magnesia, and to have approximately 
equal soda and potash contents. Mafic compositions are 
rare. In the central portion of the province, the mafic 
component of igneous rock increases and silica decreases 
with increase potash content.
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Figure 1. Location of the Judith Mountains and other alkaline igneous centers comprising the 
pétrographie province of central Montana.
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Figure 2. Generalized geologic map of the Judith Mountains (after Wallace, 1953). The study area is outlined.
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Larsen (1940) -further divided the province into 
subprovinces ranging from calc—alkaline rhyolite—andesite— 
basalt through alkaline affinities including shonkinite, 
nepheline syenite, syenite, and phonolite. In a given 
mountain range both alkaline and calc—alkaline compositions 
may be present.
Larsen (1940) identified calc-alkaline basalt and 
gabbro within stocks of the Crazy Mountains, orthoclase 
gabbro within the Absaroka Mountains, and plagioclase 
shonkinite of the Castle and Little Belt Mountains as 
possible primary magmas. Hearn (1968) described 
monticel1ite peridot!te and alnoite inclusions from 
diatremes. Pecora (1962) described carbonatite from the 
Bearpaw Mountains and Hall (1976) suspected the same below 
part of the Judith Mountains. Mafic inclusions within 
tinguaite dikes of the Judith Mountains have been described 
as part of the ijolite series by Barrick (1982). These 
mafic and ultramafic rock types strongly indicate the 
source area for much of the igneous rock within the 
province originated in the lower crust or upper mantle.
Marvin and others (1980) dated the onset of igneous 
activity about 69 million years ago and its completion at 
about 47 million years ago. They suggested that igneous 
activity within individual centers lasted for perhaps 3-4 
million years. However, their results display large
6
discrepancies between ages obtained by different methods 
for like rocks. Nevertheless, their dates support Larsen 
(1940), and many others, in showing that alkaline magmatism 
generally followed calc—alkaline activity in a given 
igneous center.
The alkaline province of central Montana is within the 
Rocky Mountain foreland, near the western edge of the 
stable craton, veneered in this area by roughly 5,000 feet 
of Paleozoic and Mesozoic sediments. Its western limit is 
bound by the Cretaceous overthrust belt of the Rocky 
Mountains.
Within the province several apparently related 
structural features exist and may have aided localization 
of the igneous centers. Smith (1965) described folds, 
faults, and fractures as the superficial expression of 
major northwest-southeast trending linear shear zones, 
called the Lewis and Clark lineaments (Fig. 3). He 
concluded that en echelon zones of normal faults resulted 
from failure along megashears with sinistral strike-slip 
movement. He attributed the associated anticlines to a 
lesser vertical component of movement. He further argued 
that the megashears have been active since Precambrian time 
citing as evidence the accumulation and erosion of 
sedimentary rocks within horst and graben structures.
Stone (1969) examined the Rocky Mountain foreland 
region between northern Colorado and the Montana-Canadian
a
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movement (after Smith, 1965).
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border. He noted that a principal, generally northeast- 
southwest , horizontal stress created two first order shear 
zones, or wrench faults. These concordant fault zones 
intersect at an angle of about 60^, which is bisected by 
the principal horizontal stress direction. The Lewis and 
Clark lineaments are but one set of these concordant wrench 
faults. Related second and lower order features include 
folds, faults, and fractures. Stone argued that many of 
these lower order features exist within the region, as 
predicted by the model, indicating the existence of a 
second (concordant) northeast—southwest set of wrench 
faults.
The Judith Mountains lie along the trend of the Cat 
Creek anticline which lies immediately south of the Cat 
Creek wrench fault zone (Fig. 3). Any relationship between 
the igneous activity of the Judith Mountains and 
reactivation of movement along the Cat Creek fault zone, or 
the possible intersection of wrench faults, is unclear.
Only circumstantial evidence exists indicating localization 
of igneous centers along these deep-seated megashears. 
Clearly, the tectonics of the Rocky Mountain foreland needs 
further investigation.
ergvigu*_Wsrk
Early investigation of the Judith Mountains was 
conducted by Weed and Pirsson (1898). The most conspicuous
9
feature they described within the Judith Mountains was the 
lack of mafic igneous rock- They speculated the mafic 
types are still at depth and "lacolithic differentiation" 
produced the fel sic types now exposed.
Wallace (1952) contributed the first detailed, 
comprehensive study of the Judith Mountains. He described 
two lineages for the igneous rocks of the area; calc- 
alkaline and alkaline. He further divided the range into 
two structural and petrologic units separated by the 
strong, irregular, east-west. Warm Spring Creek normal 
fault. Only calc—alkaline rocks exist in the southern 
unit, whereas both calc—alkaline and alkaline rock types 
occur north of the Warm Spring Creek fault. Wallace 
contended that during magmatic intrusion, the relatively 
deeper Madison limestone within the downthrown northern 
petrologic unit was more subject to stoping than its 
counterpart south of the fault. Therefore, he argued that 
assimilation of Madison limestone desi1icated primary calc- 
alkaline magma, changing its composition, thus producing 
alkaline magma.
Hall (1976) studied core from a 2212 foot diamond 
drill hole- He found that the monzonite and syenite 
encountered in the core averaged 12.28% potash (much higher 
than normal values for such rocks) and therefore concluded 
they had undergone intense feldspathization (potassium— 
metasomatism). Furthermore, he described late quartz—
10
calcite—fluorite—barite veins. He found a favorable 
comparison between these features, along with the general 
rock types found within the Judith Mountains, and 
descriptions of known carbonati te complexes. This led him 
to conclude that a carbonati te body possibly lies at depth 
below the Judith Peak—Red Mountain area.
Barrick (1982) studied the syenites and tinguaites, 
excluding the monzoni tes. She divided the alkaline rocks 
into two groups based on si 1ica-saturation: a quartz- 
bearing, or "mi Idly" alkaline, suite consisting of syenite 
which contains xenoliths of alkali gabbro; and a nepheline— 
bearing, or "strongly" alkaline, suite consisting of 
tinguaite containing xenoliths of ijolite. She suggested 
the parent magma was possibly kimberlite. Only under 
special conditions can a quartz-bearing rock be derived 
from an undersaturated kimberlite magma. To address this 
problem, she suggested there was early separation of the 
parent magma into two sub—magmas followed by physical 
separation of the magma chambers to two different levels in 
the crust. The deeper magma chamber underwent fractional 
crystal1ization forming a residual melt of tinguaite, 
leaving behind an iJoli tic fraction. The shallower magma 
chamber underwent liquid immiscibi1ity promoted by the 
lower pressure environment. This allowed for the 
immiscible separation of a felsic silica-saturated syenite 
liquid from the mafic undersaturated alkali gabbro liquid.
11
Kirchner (1982) also envisioned two separate magma 
chambers to explain the occurrence of si 1ica-saturated and 
undersaturated rocks. An undersaturated magma originated 
in the upper mantle and upon rise differentiated allowing 
for the tinguaite (alkali trachyte, alkali syenite 
porphyry) and the monzonite differentiated from a magma 
originated in the crust. Both magmas ascended along the 
same path and subsequently some mixing occurred giving rise 
to the intermediate syenitic rock types.
GENERAL GEOLOGY OF THE JUDITH MOUNTAINS
SsdimeOtary_Rosk#
Table 1 is a brief description of the surface exposed 
sedimentary rocks, taken from Wallace (1952). These rocks 
were not studied in detail. Following methods used by 
Wallace, individual formations were combined into larger 
units which proved adequate for defining structural 
features related to the emplacement of the igneous rocks 
within the study area.
lqaegu&_Rgcks
The Judith Mountains contain a variety of igneous 
rocks of both alkaline and calc-alkaline affinities. 
Wallace (1952) estimated the calc-alkaline clan comprise 
about 60-70% of the total. Quartz monzonite is the 
dominant type for this clan; other types include rhyolite, 
monzonite, diorite, and quartz diorite. They generally 
form large bodies of coalescing stocks and plugs.
The calc-alkaline rocks are described by Wallace 
(1952) as porphyritic with large phenocrysts of alkali 
feldspar and smaller crystals of oscillatory zoned 
plagioclase, typically oligoclase. Less abundent 
phenocrysts include quartz, hornblende, and in some cases 
diopside. Common accessory minerals are titanite, apatite, 
and magnetite. The fel sic groundmass is typically 
aphanitic, regardless of phenocryst size. The hornblende
12
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Table 1. Sedimentary formations of the Judith 
Mountains (after Wallace, 1952)•
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and diopside that Mai lace described have since been 
identified as sodic varieties by this author and others 
(Kirchner, 1982; and Barrick, 1982). Therefore, most, if 
not all, of the calc—alkaline rocks that Mal1 ace identified 
might more appropriately be classified as alkali-calcic.
The alkaline igneous rocks are restricted to the part 
of the Judith Mountains north of the Warm Spring Creek 
fault. The alkaline rocks form sills, dikes and a few 
large, somewhat tabular, bodies. They include silica- 
saturated syenite, alkali syenite, and alkali granite and 
si 1ica-undersaturated tinguaite (Wallace, 1952). Barrick 
(1982) further described mafic xenoliths of alkali gabbro 
and ijolite within syenite and tinguaite, respectively.
The silica-saturated syenites have a porphyritic 
texture with variable proportions of sanidine, plagioclase, 
sodic—amphibole, and sodic—pyroxene phenocrysts. Some rock 
types contain either amphibole or pyroxene; others contain 
both. Quartz, titanite, apatite, and magnetite are the 
major accessory minerals. A very fine-grained to 
aphanitic, fel sic groundmass comprises much of the rock.
Tinguaite is the only si 1ica-undersaturated alkaline 
rock. It contains large sanidine and smaller sodic-pyroxene 
phenocrysts, often in a trachytic texture. The fel sic 
groundmass is generally very fine-grained to aphanitic, 
represents over 50% of the rock, and includes a small 
percentage of feldspathoids.
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From oldest to youngest, the igneous sequence is: 
monzonite, rhyolite, syenite, alkali syenite, tinguaite, 
and alkali granite (Wallace, 1952). Wallace notes a few
exceptions to this intrusive sequence indicating a
relatively narrow time span for the intrusive igneous 
activi ty. Marvin and others (1980) have dated the alkali- 
calcic rocks as occurring from 69—67 m.y. ago followed by 
the alkaline rocks between 67-62 m.y. ago. Their work
supports the field relations identified by Wallace.
Structyre
The local structural trends within the Judith 
Mountains are dominated by the Warm Spring Creek fault.
This normal fault strikes N.75^W. and dips 45^—85^N. The 
portion north of the fault is downthrown 800 to 1500 feet 
(Wallace, 1952). Wallace further cites evidence that this 
fault existed before the early Tertiary igneous activity 
began. North of the fault, the Jurassic Ellis Group 
overlies the Heath Formation, the upper formation of the 
Big Snowy Group. South of the fault, the Ellis Group lies 
over the Kibby sandstone, the basal formation of the Big 
Snowy Group. Therefore, the Big Snowy Group is 500 to 800 
feet thicker north of the fault. Wallace argued that post- 
Mississippi an to pre-Jurassic movement dropped the north 
side of the fault, then erosion reduced both blocks to a 
common level before deposition of the Ellis Group. Several
16
rhyolite bodies then intruded the fault during early 
Tertiary time.
Other west-northwest trending structures apparently 
exist and may have contributed to control of the generally 
east-west alignment of igneous bodies in the northern part 
of the range. Kirchner (1982) described one such feature; 
an east-west trending fault through the Linster Peak dome 
that apparently was active both prior and subsequent to 
igneous intrusions. The relationship between local west- 
northwest trending structures and the regional Lewis and 
Clark lineament is unknown.
GEOLOGY OF THE ELK PEAK-LEWIS PEAK AREA 
Petrggraehy
Following is a discussion of the pétrographie study of 
igneous rocks wi thin the study area. Table 2 is a 
simplified presentation of the various mineral components 
and their modal range for each rock type.
Monzgnite
lionzonite exhibits complex textural and compositional 
varieties and locally tends toward diorite and 
1eucomonzonite. Lack of outcrop and the gradational nature 
between the rock types inhibited mapping them as separate 
units in the field. Furthermore, the preponderance of 
samples are monzonitic and, for simplicity, are all herein 
referred to as monzonite. All are porphyritic with varying 
sizes and proportions of like phenocrysts set in a very 
fine-grained to aphanitic groundmass. The groundmass is 
comprised largely of potassium feldspar and plagioclase, 
with lesser quartz, ferromagnesian minerals and opaques. 
Microlites locally show weak trachytic texture. Phenocryst 
size vary from fine to coarse-grained, with intermediate 
variations (Plate 3).
Phenocrysts are largely sanidine and plagioclase in 
varying proportions, and comprise 30—50% of the rock; 
lesser amounts of amphibole phenocrysts are present.
Clinopyroxene and interstitial quartz, occasionally with
17
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Phenocrysts
Sanidine
Plagioclase
Clinopyroxene
Amphibole
Quartz
Feldspathoi ds
Garnet
Titani te
Apatite
Biotite
Opaques
Groundmass
MONZONITE
%
3-25
12-30
0-3
tr-10
tr-3
LEWIS PK MAGINNIS MT
SYENITE SYENITE TINGUAITE
tr
tr
tr-2
2-4
40-70
%
5-20 
5-20 
O—tr 
5-20 
tr-2
tr
tr
tr
2-4
60-75
%
15-25
10-20
7-10
tr-2
tr-2
tr
tr
tr
tr
3-5
50-55
%
3-40
15-45
2-4
tr-2
tr
tr
tr
tr-2
55-95
Table 2. Modal variations of major minerais from the 
different igneous rocks (estimated in thin 
section).
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PLATE 3
Photograph of various monzonite textures.
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calci te rhombs, are generally present in amounts not 
exceeding a few percent of the total. Common accessary 
minerals are apatite, ti tanite, and magnetite. A few thin 
sections contain up to 2% of brown biotite flakes, and one 
section included several small euhedral fluorite grains. 
Common alteration minerals include chlorite, calcite, 
sericite, and iron oxide. Alteration is evident in all 
samples and is the dominant characteristic of some. Many 
phenocrysts exhibit some corrosion with a few broken or 
bent (Plates 4 and 5).
Feldspar phenocrysts show the greatest variation in 
texture and amounts. In the dioritic rocks, making up part 
of the irregular intrusion south of Lewis Peak, they are 
mostly euhedral to subhedral and comprise 20—40% of the 
rock with sanidine varying between 50% to as low as 10% of 
the total feldspar. Sanidine phenocrysts range from 1-3 mm 
in the fine-grained rocks up to 3—4 cm and equidimensional 
to tabular in the coarse-grained varieties. Plagioclase 
phenocrysts are generally 1-4 mm with rare tabular 
phenocrysts up to 7 mm. They are invariably smaller than 
the largest associated sanidine phenocrysts. Plagioclase 
grains show weak, mostly complex, oscillatory zoning with 
compositions varying between An28-40, sodic-andesine being 
most common.
Amphiboles range from <0.5 mm to 5 mm and commonly 
total 5-10% of the rock. Amphiboles in most thin sections
21
PLATE 4
Photomicrograph of monzoni te showing large, unaltered 
sanidine <K) and broken, corroded amphibole (A),
piagioclase 
groundmass.
(P), and ti tani te (Ti) in fine-grained 
Crossed ni cols at 2-5X power.
PLATE 5
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Photomicrograph of monzoni te showing corrosion of amphibol 
and formation of magnetite along its margins. Plain light 
at lOX power.
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strongly to pervasively altered to chlorite, calcite, 
and magnetite, inhibiting optical determination of their 
composition. With one or two exceptions, the only 
amphiboles with determinable composition occur near the top 
of the main stock in the vicinity of Elk Peak. Amphibole 
pleochroism is x=light yellow-green, y=brown—green, and 
z=dark brown—green to green with Z^C— 10^— 15^. These 
optical properties best fit barkevikite within the 
hastingsite group.
Clinopyroxene ranges from trace to 3%. It is clear to 
light green with pleochroism absent to very weak. These 
properties best fit salite. Phenocrysts rarely approach 
3 mm in size, are generally altered and minor uralitization 
occurs in some.
Lewis_Peak_Syenit@
The syenite of Lewis Peak is a light to medium gray, 
fine-grained porphyritic rock (Plate 6). Phenocrysts of 
sanidine, plagioclase, and amphibole are present in about 
equal amounts and constitute 30—40% of the rock. They 
average 1-3 mm in length, with a few up to 7 mm. Locally, 
some of the larger phenocrysts exhibit flow foliation. 
Accessory minerals include titanite, apatite, magnetite, 
and 1-2% quartz as interstitial nests, which are 
occasionally associated with calcite rhombs. Groundmass 
varies between light and dark gray, is very fine-grained.
PLATE 6
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Photograph of various Lewi s Peak syenite textures,
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and is composed largely of potassium feldspar with lesser 
amounts of plagioclase, ferromagnesian minerals, opaques, 
and quartz. Biotite partially replace amphibole and 
altered clinopyroxene is rare. Sericite, chlorite, 
calcite, and magnetite are the common alteration products; 
they locally replace original mafic minerals.
Where.the amphibole is only weakly altered, strong 
pleochroism (x=light yel1ow—green, y*yellow—brown to green, 
z=dark brown-green to green) and Z^C=10^-15P indicate it 
chemically approaches barkevikite. However, even these 
amphiboles show corrosion and alteration to magnetite along 
their margins (PIate 7)• Plagioclase phenocrysts show 
weak, complex oscillatory zoning and are commonly sodic- 
andesine.
Most phenocrysts show some corrosion and alteration,
and some are broken, fractured, strained, or bent. This is
evidence that many of the phenocrysts were formed prior to 
final emplacement and were out of equilibrium with the 
latest "fluids" during final consolidation of the magma.
Q «aiQ Q LS .tiQ U Q t£ lQ -S ^S Q ltt
The Maginnis Mountain syenite is a medium brown-gray, 
fine-grained porphyritic rock (Plate 8). Feldspar 
phenocrysts (about equally divided between sanidine and 
plagioclase) comprise 30-407. of the rock, and average
1—2 mm with sanidines noted up to 6 mm in length.
PLATE 7
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Photomicrograph of Lewi s Peak syenite showing altered 
amphibole with magnetite rims in fine-grained groundmass 
Light colored minerals are both sanidine and plagioclase. 
Plain light at 2-5X power.
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PLATE 8
Photograph of various Maginnis Mountain syenite textures 
and contained mafic inclusions.
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Clinopyroxene (sali te with some exhibiting aegirine-augite 
rims) rarely exceeds 1 mm and is the dominant ma-fic 
phenocryst, constituting about 10% of the rock. Minor 
amphibole is present. The groundmass is dominately a 
medium brown, fine-grained mosaic of sanidine grains with 
accessory titanite, apatite, magnetite, biotite, occasional 
garnet, and interstitial quartz nests. In some cases, 
calcite is associated with the quartz nests. Common 
alteration products include chlorite, calcite, sericite, 
and magnetite. Plate 9 is a représentâtive thin section of 
this rock type.
Feldspar phenocrysts frequently exhibit corrosion. 
Pyroxenes have locally undergone limited uralitization. In
addition, amphiboles exhibit heavy corrosion along their 
margins now occupied by tiny, individual, clear, anhedral 
clinopyroxenes (salite) and magnetite (Plate 10). This 
indicates that amphibole was partially replaced by pyroxene 
and suggests amphibole had existed in greater quantity and 
was almost totally replaced by pyroxene.
The plagioclase composition varies between An28-34 
with some grains rimmed by albite. Pyroxene grains are 
generally colorless or pale green with some exhibiting no 
pleochroism while others show weak pleochroism. Other 
optical properties, Z^C=43^, and 2v=36®, indicate a salite 
composition. Optical properties in the amphiboles show 
pleochroism of x=light yellow-brown to yellow-green.
PLATE 9
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Photomicrograph of Maginnis Mountain syenite. The two 
large, brown minerals are corroded and altered amphiboles 
White minerals are feldspars- The scattered, light green 
minerals are salite (S>. Plain light at 2.5X power.
PLATE lO
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Photomicrograph of Maginnis Mountain syenite showing 
amphibole replaced by sali te (S) and magnetite along its margins. Plain light at lOX power.
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y=brown—green, z=dark brownish—green with Z^'C=15^. This 
best fits a composition within the hastingsite group. It 
appears to be slightly browner than the amphiboles of the 
Lewis Peak—type syenite.
There are some obvious differences between the 
Maginnis Mountain syenite and the Lewis Peak syenite. 
Maginnis Mountain syenite contains pyroxene instead of 
amphibole as the dominant mafic mineral and the groundmass 
is coarser and more crowded.
lingualte
The most conspicuous feature of the tinguaite dikes is 
their pronounced trachytic flow texture caused by parallel 
alignment of large sanidine phenocrysts in a nearly 
aphanitic groundmass. Several variants exist between very 
dark green to a very light gray-green groundmass resulting 
from varying proportions of compositionally identical 
phenocrysts. These "end members" are green and gray 
tinguaite, respectively (Plate 11).
Sanidine is the only feldspar in the tinguaites.
X-ray diffraction studies indicate the sanidine belongs to 
the low-sanidine - high-albite series with a composition of 
Or76 +/— 4%, or x—ray perthite (Wallace, 1952, p. 72). 
Further studies of the alkali feldspars within the Judith 
Mountains are necessary for a concise interpretation of 
their thermal history and proper classification. At the
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present time it seems fair to call the alkali feldspar 
sanidine.
In green tinguaite, sanidine phenocrysts range from 
2 mm to 8 cm in length and comprise only a few percent of 
the rock while in gray tinguaite they are smaller 
<1 mm - 2 cm) and comprise 30-40% of the rock.
Clinopyroxene, the other major phenocryst, ranges from
1—4 mm in length. It varies between 1— 10% of the rock with 
higher averages in the gray variety. Pyroxenes are 
generally zoned from pale green salite cores through 
aegirine-augite to deep green aegirine margins (Plate 12). 
The groundmass comprises more of the green variety, and 
varies between 40-95% of the rock. In all varieties,
25—50% of the groundmass is tiny green aegirine needles, 
the remaining is alkali feldspar with lesser amounts of 
nepheline, anal ci te, and secondary zeolites. The 
groundmass is very felty with a strong trachytic texture 
expressed by green aegirine needles aligned around the 
phenocrysts. The groundmass of the gray-type is more brown 
and has a dustier look than its green counterpart.
Other minerals found in all tinguaite varieties 
include dark reddish-brown to golden-brown melanite<?> 
garnet in trace amounts up to several percent. It is 
usually found clustered with pyroxenes (Plate 13). Rare 
biotite is noted along the margins of a few pyroxenes. 
Common accessory minerals include titanite, apatite and
PLATE 12
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:
P
Photomicrograph of tinguaite showing pyroxene (Px) with 
salite core zoned by aegirine—augite with aegirine rims. 
Large melani te (?) garnet (Gn> in lower, left center. Plain 
light at 2.5X power.
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PLATE 13
Photomicrograph of tinguaite showing melanite (?) 
garnet (Gn), titanite (Ti), and pyroxene (Px). Dark 
needles in groundmass are aegirine. Note flow texture 
exhibited by aegirine needles wrapping around large 
minerals. Plain light at 2.5X power.
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magnetite. Common alteration products are calcite, 
sericite, chlorite, and zeolites.
Structure
Notable structural features of the area are a direct 
consequence of the igneous intrusive styles displayed by 
the various igneous rocks. The main monzonite stock 
underlying Elk Peak fractured and domed the overlying 
strata while the Lewis Peak and Maginnis Mountain syenites 
are in part floored intrusions. Tinguaite almost 
invariably occurs as dikes and sills.
The Elk Peak dome is easily recognized from the 
geologic map by the concentric outcrop pattern of strata, 
dikes and sills, and faults (Plate 1). During ascent the 
monzonitic magma encountered the limestone of the Madison 
Group and the intrusive style changed. Doming became the 
dominant mechanism. Although the limestone proved to be a 
competent cap rock above the intruding magma it could not 
accommodate all the strain put on it and subsequently 
fractured along the margins and interior of the dome. 
Monzonitic magma intruded as dikes and sills along interior 
fractures so that local stoping of the limestone took place 
(Plate 2). Ring faults developed along some margins of the 
dome with offset up to 800 feet and monzonitic magma 
locally intruded these structures.
Cross section A-A' shows that the syenite of Lewis
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Peak intruded along the east flank of the Elk Peak dome, 
after that structure had already formed. Furthermore, it 
appears to crosscut monzonite on its southern border. 
Concordance with the Morrison/Ellis Group is suggested by 
low, eastward dipping foliation and 1ineation measurements 
along the western margin, indicating that the intrusion is 
floored in this area.
The fault that bounds the Lewis Peak syenite on the 
north and east appears to be a trap—door. Cross section 
A-A' indicates offset along the fault to be at least 
400 feet. The western extension of the fault appears to 
have existed before formation of the trap-door. A 
monzonite dike intruded the fault and is presumably older 
than syenite. Therefore, development of the trap-door 
could have been assisted by this fault. Alternatively, the 
trap—door could have developed first with monzonite later 
intruding its western extension. However, this would make 
some monzonite younger than syenite, and therefore is not 
consistent with emplacement trends elsewhere.
Evidence that the west side of the Lewis Peak syenite 
is floored and the existence of the trap-door fault 
indicate that a thick "feeder dike" exists under the 
eastern part of the intrusive body. Apparently the 
syenitic magma forceably intruded the strata at depth and 
followed the preexisting "weak zone" along its northern 
portion as it rose. Continued rise of the magma caused
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displacement of the strata along this zone, thereby forming 
the trap-door fault. The magma later intruded westwardly 
as a thick sill or tabular body.
Only part of the Maginnis Mountain syenite body was 
mapped. On the geologic map it appears to cut the 
monzonite of Elk Peak. The syenite may have intruded along 
a ring fault of the Elk Peak dome, judging from the outcrop 
pattern. Wallace (1952) interpreted this syenite body as a 
floored intrusion, basing his argument on nearly flat, 
eastward1y dipping flow foliations and 1ineations on the 
west side of Maginnis Mountain. He speculated that this 
syenite originated beneath the Elk Peak dome.
Tinguaite is the youngest igneous rock exposed in the 
study area. The northwestern part of the geologic map 
shows thin, roughly parallel dikes that wrap concentrically 
around the perimeter of the Elk Peak dome. Detailed field 
study shows these dikes are partially concordant with the 
enclosing Colorado shale. They may, at least in part, 
follow ring fractures related to the doming of Elk Peak. 
This indicates that the Elk Peak dome was formed by a 
"telescoping" mechanism. Ring faults nearer the dome 
exhibit greater vertical displacemnt than those more 
distant. Outcrop patterns support this view. It is 
unclear whether the inner or outer zones formed first, or 
simultaneously.
A few tinguaite dikes that intrude the monzonite of
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Elk Peak are too thin to be shown on the geologic map.
They indicate late fracturing within the interior of the 
Elk Peak dome. Such fractures could be a result of late 
doming effects or cooling within the monzonite.
BeBth_Enyironment_of_Igneous_Intrusigns
Structural and stratigraphie evidence indicate that 
the igneous rocks in the study area domed an overlying 
package of sedimentary rocks roughly 2000-2500 feet thick.
Monzonite locally intruded to roughly the contact 
between the Madison Group and the Big Snowy Group (cross 
section D-D"). The monzonite has been radiometrically 
dated at 67-69 m.y. (Marvin and others, 1980), latest 
Cretaceous. The Paleozoic and Mesozoic sedimentary package 
(up to the Paleocene Fort Union Formation) above the 
Madison limestone has a total thickness of about 2200 feet. 
At Elk Peak, the monzoni te domed and displaced the Madison 
limestone about 2800 feet above its original stratigraphic 
position (cross section B-B'). Therefore, the upper levels 
of the monzonite were above the Paleocene surface 
surrounding the intrusive center. The sedimentary cover of 
about 2200 feet thick presumably covered the monzonite and 
stood as a dome above the surrounding area.
Lewis Peak syenite intruded beyond the Madison 
limestone to levels within the Colorado shale, which it 
presumably domed (cross section A-A'). Though it reached
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higher stratigraphie levels, ultimate elevations appear 
similar to the monzonite of Elk Peak. It had a domed 
sedimentary cover of about 1000 feet, ignoring erosion.
The near aphanitic groundmass of all igneous rocks 
gives textural evidence of near surface emplacement. Also, 
intact roof pendants of Madison limestone within the Elk 
Peak dome suggest the monzonite is nearly uneroded.
The evidence for shallow emplacement gives rise to 
further speculation. It is possible that at least minor 
extrusive activity may have occurred, possibly as small 
flows or only effusive gases. If so, subsequent erosion 
has erased any evidence.
GEOCHEMISTRY
Fifteen rock samples collected in this study were 
analysed for ten major elements at Washington State 
University, Pullman, Washington under the direction of 
Peter Hooper using standard XRF procedures. Accuracy and 
precision data are not available on these values.
The chemical analyses are presented in Table 3 (a, b, 
and c> as weight percent oxide and cations per 100 anions. 
Tables 4 and 5 are chemical analyses presented in cations 
per 100 anions for samples collected by Wallace (1952) and 
Kirchner (1982). All the analyses from the Judith 
Mountains were recalculated from weight percent oxides to 
cations per 100 atoms of oxygen, then plotting cation 
numbers against silica. This allows direct observation of 
cation variation with silica without complications of 
atomic weights. The cation variations are presented in 
molecular variation diagrams (Fig. 4a, b, c, d, and e) . In 
addition, several analyses of fenites were collected from 
the literature and plotted on the diagrams for comparison 
with samples from the Judith Mountains. Generally, the 
igneous rocks of the Judith Mountains and the alkaline 
province of central Montana are considered potassic-rich 
(contrasted with sodic—rich). Therefore, only data from 
generally potassic-rich fenite localities were collected 
for comparison. (See appendix for numeric tables,
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TABLE 3a
Weight Percent Oxide - Cations Per 100 Anions 
Judith Mountains, Montana 
Gary Sorensen
Monz Monz Monz Monz Monz Monz
Oxide SJM-22 SJM-24 SJM-26 SJM-27 SJM-29 SJM-31
Si 02 65.69 67-41 67.93 67.81 67-50 65.09
Ti02 0.31 0.28 0.29 0.29 0.30 0.35
AI 203 18.47 16.41 16.99 16.91 17.45 18.22
Fe203 1.30 1.20 1.38 1.33 1.36 1.58
FeO 1.49 1.37 1.58 1.52 1.56 1.81
MnO 0. 12 0.08 0.09 0.09 0. lO 0. 13
MgO 0.31 0.47 0.70 0.54 0.56 0.51
CaO 3.30 3.98 3.36 3.64 3.40 3.23
Na20 4.51 3. 13 3.92 4.07 3.91 4. 16
K20 4.41 5. 56 3.70 3.73 3.74 4.83
P205 0.09 0. 12 0.08 0.08 0. 12 0.08
Total 100.OO 100.01 100.02 100.01 100.OO 99.99
Monz Monz Monz Monz Monz Monz
Cation SJM-22 SJM-24 SJM-26 SJM-27 SJM-29 SJM-31
Si 36. 76 37.73 37.68 37.67 37.47 36.60
Ti 0. 13 0.11 0. 12 O. 12 0. 12 0. 14
A1 12. 18 10.82 11.10 11.07 11.41 12.07
Fe3+ 0.54 0.50 0.57 0.55 0.56 O. 66
Fe2+ 0.69 0.64 0.73 0.70 0.72 0.85
Mn 0.05 0.03 0.04 0.04 0.04 0.06
Mg 0.25 0.39 0.57 0.44 0.46 0.42
Ca 1.97 2.38 1.99 2. 16 2.02 1.94
Na 4.89 3.39 4.21 4.38 4.20 4. S3
K 3. 14 3.97 2.61 2.64 2.64 3.46
P 0.04 0.05 0.03 0.03 0.05 0.03
Total 60.64 60. 01 59.65 59.80 59.69 60.76
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TABLE 3b
Weight Percent Oxide — Cations Per 100 Anions 
Judith Mountains, Montana 
Gary Sorensen
Lewi s Lewis Lewi s Maginni s Maginni s MaginnisPeak Peak Peak Mtn Mtn Mtn
Syenite Syenite Syenite Syenite Syenite SyeniteOxide SJM-2 SJM-5 SJM-14 SJM-18 SJM-44 SJM-47
Si 02 63.81 63.99 63.94 63.35 59.73 59.90Ti02 0.44 0.43 0.42 0.56 0.68 O. 66
A1203 17.77 18.25 17.75 16.58 16.06 16.36
Fe203 2.06 2.05 2.07 2.43 3.29 3.26
FeO 2.37 2.34 2.37 2.78 3.29 3.26
MnO O. 13 O. 12 0. 16 O. 12 0. 14 O. 15
MgO 0.80 0.93 1.04 1.24 1.67 1.85
CaO 4.21 4. 13 4.01 3.77 4.27 4.45
Na20 4.37 3.46 3.94 3.89 5.44 5.01
K20 3.87 4. 15 4. 18 5.04 5.09 4.82
P205 O. 17 0. 15 0. 12 0.22 0.29 0.22
Total 100-00 100.OO 100.OO 99.99 100.00 99.99
Lewis Lewi s Lewis Maginnis Maginni s Maginnis
Peak Peak Peak Mtn Mtn Mtn
Syenite Syeni te Syenite Syenite Syenite Syenite
Cat i on SJM-2 SJM-5 SJM-14 SJM-18 SJM-44 SJM-47
Si 36.07 36.07 36. 13 36. 12 34.79 34.79
Ti 0. 18 O. 18 O. 17 0.24 0.29 0.29
A1 11.84 12- 12 11.82 11. 14 11.02 11.19
Fe3+ 0.87 0. 86 0. 88 1.04 1.44 1.42
Fe2+ 1. 12 1. lO 1. 12 1.32 1.60 1.58
Mn 0.06 0. 05 0.07 0.05 0.07 0.07
Mg 0.67 0.78 0.87 1.05 1.45 1.60
Ca 2.55 2.49 2.42 2.30 2.66 2.76
Na 4.79 3.78 4.31 4.30 6. 15 5.64
K 2.79 2.98 3.01 3. 66 3-78 3.57
P 0.08 0.07 0.05 0. 10 O. 14 0. 10
Total 61.02 60.48 60. 85 61.32 63.42 63.05
44
TABLE 3c
Weight Percent Oxide - Cations Per 100 Anions
Judith Mountains, Montana
Gary Sorensen
Tinguaite Tinguaite Tinguai
Oxi de SJM-16 SJM-25 SJM-34
Si 02 61.24 63.21 63.75
Tiü2 0.31 0.47 0.45
Al 203 19.36 17.60 17.27
Fe203 1.80 1.83 1.93
FeO 2.07 2. 10 2.21
MnO O. 14 0. 10 0. 10
MgO 0. 18 0.57 0.59
CaO 1.39 2.41 1.73
Na20 5.37 3.71 3.85
K20 8.06 7.91 8.05
P205 0.07 0.09 0.06
Total 99.99 100.00 99.99
Tinguaite Tinguaite Tinguaite
Cation SJM— 16 SJM-25 SJM-34
Si 35.33 36.24 36.52
Ti 0. 13 0.20 O. 19
Al 13. 16 11.89 11.66
Fe3+ 0.78 0.78 0.83
Fe2+ 0.99 1.00 1.05
Mn 0. 06 0.04 0.04
Mg 0. 15 0.48 0.50
Ca 0.85 1.48 1-06
Na 6.00 4. 12 4.27
K 5.93 5.78 5.88
P 0.03 0.04 0.02
Total 63.41 62.05 62.02
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TABLE 4
Cations Per lOO Anions 
Judith Mountains, Montana 
Wallace, 1952
Maginnis MtnCation Monzonite Monzonite Monzonite Syenit
Si 37-05 37.95 38.79 35.34Ti 0- 13 0.06 0.28 0. 10
Al 10.89 10.67 9.60 11.40
Fe3+ 0.83 0.48 0.42 0.83
Fe2+ 0.78 0.73 0.57 1.92
Mn 0.03 0.03 0.04 0.06
Mg 0.86 0.58 0.54 1.15
Ca 1.96 1.68 1.76 2.60
Na 5.50 5.22 5.26 5.48
K 2.83 2.96 2.22 3.96
P 0.08 0.03 0.04 0.11
Total 60.98 60.44 59.58 62.98
Cation Tinguaite Tinguaite Tinguaite
Si 35.25 35.34 35.05
Ti 0. 30 0.23 0.23
Al 10.48 11.90 11.90
Fe3+ 1.85 1.06 1.37
Fe2+ 0.94 1.01 0.69
Mn 0.05 0. 05 0.05
Mg 1.78 0.52 0.52
Ca 2.05 1.99 1.25
Na 3.77 5.80 7.87
K 6. 80 5.63 5.91
P 0. 10 0.02 0.03
Total 63.40 63.61 64.94
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TABLE 5
Cations Per lOO Anions 
Judith Mountains, Montana 
Kirchner- 1982
Average Average Average Average
Cation TMPF TMPC TAT TASP
Si 36. 12 35-90 34-00 35.33
Ti 0. 16 0- 17 0.24 0.22
A1 11-71 12. 17 13.26 12.11
Fe3+ 0.98 0-77 1-22 0.98
Fe2+ 1-09 0.86 1.36 1.09
Mn 0-06 0-07 0-07 0.06
Mg 0. 80 0-60 0-73 0. 66
Ca 2-58 2.65 1.43 1.87
Na 4-57 5- 17 5-78 5.44
K 2-74 2.99 6.30 5.33
P 0-06 0.05 0.05 0.05
Total 60-87 61-40 64.44 63. 14
Rock type:
TMPF — Tertiary Monzonite Porphyry - fine-grained 
TMPC - Tertiary Monzonite Porphyry - course-grained 
TAT - Tertiary Alkali Trachyte (tinguaite)
TASP - Tertiary Alkali Syenite Porphyry (tinguaite)
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molecular variation diagrams, rock types, and location for
geochemical analyses from the individual fenite
localities).
Fenitization is an alkali metasomatic process
associated with alkaline complexes. The major ions Na^,
♦ 3+K , Fe , and variable amounts of minor elements are
introduced into the country rock. Schissel (1981)
2“explained that the carbonate anion, CO^ ", forms soluble
complexes with both A1 ̂  and F e^. This forms a minus-
three charged ion, A 1 ( C O ^ ) o r  F e ( C O ^ ) a l l o w i n g  3K^ and
3Na^ ions to move with the solutions to maintain the
electrical neutrality of the solution.
During intrusion of a carbon dioxide—saturated
alkaline magma, decompression allows separation of a
2—fluid phase rich in CO2 and CO^ " complexes. The soluble 
ions Na , K , Fe^ and other minor ions are transported 
with the carbonate complexes in advance of the intruding 
magma. Lower carbon dioxide pressure away from the 
intrusion allows the solution to dissociate. The various 
ions diffuse down temperature and activity gradients 
interacting with original minerals of the country rock.
The process alters existing minerals to minerals richer in 
sodium, potassium, and ferric iron. Verwoed (1966), Robins 
and Tysseland (1979), and other authors, describe common 
replacement minerals found in fenitized rocks are sodic- 
amphibole, aegirine-augite, aegirine, alkali feldspar, and
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nepheline reflecting an increase in potassium, sodium, 
ferric iron, and a decrease in silica. This mechanism also 
explains why fenitization is associated only with alkaline 
rocks; alkalic magmas are characteristical1y saturated in 
carbon dioxide at depth (Rock, 1976).
Intense fenitization can develop a halo of fenites 
enveloping the alkalic intrusion and conditions can be 
reached where the fenites can mobilize, or intrude as a 
"magma," to higher levels in the crust. Rheomorphic 
fenites will be discussed in a later section.
Typically, lateral mineral zonation in fenites, from 
outward to inward, shows increasing concentration of 
potassium feldspar and its recrystal1ization into larger 
euhedra. Primary biotite or hornblende are recrystal1ized 
to a sodic—amphibole. Quartz begins to dissolve. With 
increasing fenitization, moving inward, plagioclase content 
decreases, sodic—amphibole is replaced by sodic—pyroxene, 
and quartz content continues to decrease. Finally, only 
hypersol vus potassium feldspar, sodic—pyroxene, and 
nepheline comprise the major constituents (McKie, 1966).
The igneous intrusion sequence in the study area 
begins with monzonite followed by syenite and, finally, 
tinguaite. Mineral compositions of these rocks correspond 
to the sequence noted for progressive fenitization 
described above. Monzonite contains large potassium 
feldspar, sodic-andesine, sodic-amphibole (hastingsite
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group), minor quartz and trace biotite and sali te. Lewis 
Peak syenite does not differ substantially in mineral 
content from monzoni te. However, chemically it contains 
less silica than all but two of the eleven monzoni te 
samples. This indicates the Lewis Peak syenite is 
transitional between monzonite and the Maginnis Mountain 
syenite. Maginnis Mountain syenite contains less quartz 
and plagioclase (some with albite rims). Sodic-amphibole 
content is greatly reduced and is apparently replaced by 
sodic-pyroxene. Pyroxene has increased significantly and 
is salite with aegirine—augite rims. Potassium feldspar 
increased in the groundmass. Tinguaite is the youngest and 
most alkaline rock. It contains no plagioclase, amphibole, 
or quartz and consists largely of sanidine, pyroxene which 
shows zoning from salite cores to aegirine-augite with 
aegirine rims, and a groundmass of sanidine and aegirine 
needles with minor feldspathoids. This parallels the 
trends in mineral composition seen with progressive 
fenitization.
Caution must be exercised when comparing the chemistry 
of igneous rocks from the Judith Mountains with fenites.
The nature of fenitization allows smooth statistical trends 
to be developed in connection with chemical variations. On 
the other hand, even if one assumes a group of igneous 
rocks are rheomorphic fenites they probably would not 
exhibit smooth trends. For example, two mineralogically
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and or chemically distinct, but adjacent, fenite zones may 
mobilize as one mass. This mass may mix during ascent 
towards the surface, thereby reflecting two zones in one 
rock type. However, comparison of samples plotted for the 
Judith Mountains and composite fenites indicate significant 
overlap of the respective fields for the various cations.
Observation of the chemically analysed samples from 
the Judith Mountains broadly indicate as age decreased, 
potassium, sodium, and ferric iron increased and silica 
decreased, as predicted with a process of increasing 
fenitization. Also, a high degree of scatter is noted in 
the elements calcium, magnesium, titanium, and phosphorus 
for both the composite fenites and the Judith Mountains. 
Monzonitic rocks of the Judith Mountains correspond in 
composition to the middle to outer zones of fenites and the 
Maginnis Mountain syenite and tinguaite correspond to the 
middle to inner zones.
Comparison of the igneous rocks of the Judith 
Mountains and various fenites, particularly chemical 
variation trends, does have restrictions, as discussed 
above. However, there does appear to be strong 
correlations both chemically and mineralogically between 
the two rock groups. Alternatively, it may be said that 
their appears to be no inconsistencies, mineralogically or 
chemically, between the two rock groups which would refute 
the possibility of the igneous rocks comprising the Judith
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Mountains as rheomophic fenites.
IemEeratyre_of_Formation
The highest "fluid" temperatures are represented by
the tinguaites since they are the only rocks with a single
feldspar, (i.e., above the two feldspar solvus). All other
igneous rocks contain both potassium and plagioclase
feldspars indicating lower equilibrium temperatures. As
discussed in an earlier section, the sanidine contained
within tinguaite is a cryptoperthite which crystallized
initially at a temperature above 6 2 5 then underwent
relatively rapid cooling (personal communication. Jack
Wehrenberg, 1985). Aegirine is also contained within the
tinguaites and is only stable under 780^C (Schissel, 1981).
Crystallization temperatures of tinguaite are thus
oestimated to have been above 625 C. All other igneous 
rocks contain two feldspars, and therefore upper 
crystallization temperatures must be below 625^C.
The temperature range of these rocks correspond well 
with temperatures calculated for fenitizing solutions. 
Schissel (1981) estimated fenitizing solutions at the 
Heather Ann complex ranged from about 400^C in the outer 
zones to 700^C for the inner zones. At Fen, Norway the 
first silicate magma is estimated to have been hotter than 
700^C with the fenite considered to have been formed at 
around 700^C. Crystallization temperatures for the second
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O Omagma are estimated to have been 600 -700 C 
(Heinrich, 1966)- Von Eckermann (1948A) estimated 
temperatures as low as 300^C for the outer zone fenites at 
AIno. Currie and Ferguson (1971) estimated temperatures 
between 450^C and 700®C for the various fenites at Callander 
Bay, Ontario.
PETROGENESIS OF THE IGNEOUS ROCKS
The most perplexing problem associated with the Judith 
Mountains is that of presenting a petrogenetic model which 
can explain the close association of silica-saturated and 
undersaturated igneous rocks. Crystal fractionation within 
a parent magma chamber is commonly invoked to explain the 
occurrence of different felsic rock types associated in 
time and space within an igneous complex. However, this 
differentiation process cannot explain the occurrence of 
silica-saturated and undersaturated rocks because a thermal 
barrier divides the two suites. Other differentiation 
processes must be invoked to explain the apparently related 
si 1ica-saturated and undersaturated rocks found in the 
Judith Mountains.
Wallace (1952) proposed that assimilation of Madison 
limestone by monzonitic magma can desilicate the magma, 
allowing conversion to si 1ica-undersaturated igneous rocks. 
More recent field and experimental evidence have since 
presented considerable arguments against this process. 
Experimental studies described by Sorensen (1974) indicate 
there is insufficient heat contained within a subalkaline 
magma for the required reactions to take place.
Furthermore, the release of carbon dioxide from the 
limestone would contribute to the crystallization of the 
magma with only local development of 1ime-si1icates and 
undersi1icated rocks near the contact with the limestone.
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Barrick s (1982) proposed model also has flaws. For 
example, approximately 60—70% of the Judith Mountains is 
comprised of monzonitic—type rocks; a suite she did not 
study. Surely, this is a different but associated suite of 
the igneous activity for the area and cannot be ignored. 
They are silica-saturated rocks and therefore should be a 
product of immiscibi1ity, according to her scheme.
However, the monzonite is mineralogically quite different 
from syenite (i.e., Maginnis Mountain syenite contains 
pyroxene while monzonite contains amphibole). If both 
rocks are the felsic product of liquid immiscibi1ity within 
the upper part of a magma chamber then an additional 
differentiation process must take place. Of course, a 
third magma chamber could undergo immiscibi1ity accounting 
for the monzoni te or it may have a separate primary source 
in the crust. In any case, too many "special" conditions 
are required to account for all the major igneous rocks.
Kirchner s (1982) proposed model is also difficult to 
except. Partial melting of the quartzo—feldspathic 
basement rocks would produce a si 1ica-oversaturated rock 
(i.e., granite or rhyolite) not just a si 1ica—saturated 
monzonite containing only trace amounts of quartz in the 
mode. Furthermore, why would sodic-amphiboles occur in the 
monzonite. She described the aegirine-augite in the 
monzonite as "accidental," possibly the product of 
contamination by the alkaline magma. Her argument for
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contamination and magma mixing to account for the various 
rock types, or accidental occurrences of alkaline minerals 
in monzonite, does not satisfactorily explain the igneous 
rocks within the Judith Mountains. It is also unclear why 
the same tectonic mechanism would generate two magmas in 
two very different regions, i.e., mantle and basement, 
along the same fault, or fracture, as she described.
Obviously, petrogenesis of the igneous rocks in the 
Judith Mountains continues to be a perplexing problem. 
Though final conclusions from previous authors are not 
fully supported by this author, careful consideration of 
their work significantly contributed to the following 
proposed petrogenetic model.
Çarbonatitg
The igneous rocks from the Judith Mountains show 
strong mineralogical, chemical, and thermal similarities 
with fenites, as discussed above. Fenites are associated 
with carbonatitic complexes. Following is a discussion of 
such complexes.
Carbonatite, their associated silicate igneous rocks 
and fenites have been described from around the world. 
Tuttle <1966) and Heinrich (1966) extensively reviewed 
carbonatites and their associated rocks. Most authors 
agree that carbonatites and associated mafic alkaline 
silicate rocks ultimately originate in the upper mantle and
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carbon dioxide pi ays a most important role in their 
formation and its fenitizing effects on both associated 
igneous rocks and adjacent country rocks.
Many carbonatites are associated with rift zones 
(i.e.. East Africa); some occur on the craton side of 
orogenic belts, where they appear after the main orogenic 
event. Some carbonatites occur within stable cratons, far 
from any clear association with rift zones or adjacent 
orogenic belts.
The common morphology of carbonatite complexes is a 
ringed complex. Heinrich (1966) described the rock types 
that commonly form the rings around a carbonatite core.
The inner ring consists of various types of pyroxenite, 
peridotite, or kimberlite or may be substituted by or 
immediately followed by ijolite series, jacupirangite or 
nephelini te type rocks. The intermediate zone consists of 
nepheline syenite rock types followed by an outer zone of 
syenites, monzonites, and obviously fenitized country 
rocks. Dike rocks consist of both silica-saturated and 
undersaturated rock types. Saturated rocks include 
trachyte and trachyte porphyry and undersaturated types 
include tinguaite, phonolite, nepheline syenite, foyaite, 
and others. Late veins are most commonly quartz-fluorite- 
barite types.
Nearly all carbonati te complexes are enveloped within 
a halo of fenitized rocks, especially in miaskitic
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complexes and is most intense in the deeper levels, i.e., 
basement rocks (Heinrich, 1966). Breadth of fenitization 
may extend to several thousand meters from the core of the 
complex.
Some authors have argued that the inner zone magmatic 
rocks (i.e., ijolite and related rocks) might be products 
of fenitization (Parsons, 1961; Strauss and Truter, 1950A; 
and Von Eckermann 1948A, B). King (1965) postulated that 
syenite and nepheline-syenite at Budeda are demonstrably 
fenites and chemically similar trachytes and phonolites are 
possibly mobilized from them. Sutherland (1965) described 
potash-rich rocks at Toror Hill, Uganda, which he 
speculated formed through metasomatic alteration of the 
basement complex adjacent to the carbonatite. Potash- 
trachytes in the area are closely related to these 
metasomati c rocks and he concluded that they are 
remobilized fenites. Saether (1958, p. 25) described the 
pulaskitic fenite at Fen, Norway and concluded that it 
“...must have been mobilized to such a degree that it 
behaved as a magma." Several examples cited by Heinrich 
(1966) include descriptions by Parsons (1961) and Temple 
(1959) of several types of alkalic silicate rocks which the 
authors regarded as rheomorphic. These rocks, at 
Nemegosenda Lake, Ontario, include jacupirangite, 
pegmatitic biotite syenite, and mal ignite. At Messum, 
South-West Africa, Mathias (1956) traced dikes granitic to
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syeni tic in composition into their place of origin: the 
fenitized matrix of agglomerate.
Whether some igneous rocks associated with carbonatite 
complexes are melted fenites is probably best summed up by 
Heinrich (1966), "Faith in the dogma of fenite rheomorphism 
depends, no doubt, in part on the direction in which the 
geologist is walking: In alkalic complexes mobi1izationists
walk inward; magmatists walk outward."
Ço@nari*gn_gf_Çar&gnati.te_GS@Ble»(5S_witb_audith_MsuntaLnm
Carbonatite is not exposed within the Judith 
Mountains. However, several lines of evidence support the 
possible existence at depth of at least a carbonatite-1ike 
complex (carbon dioxide-rich mafic alkaline rock) if not 
indeed carbonatite.
The outcrop pattern, structural features and their 
control on some igneous intrusions, in the study area 
define a ringed complex centered on the Elk Peak dome. All 
the igneous intrusions apparently originated under this 
central dome. This is the common morphology of 
carbonatitic complexes. The occurrence of monzonite, 
syenite, ijolite, tinguaite, and quartz-calcite-fluorite- 
barite veins are typical rock associations found in 
carbonatitic alkaline complexes, including fenites. 
Furthermore, Barth and Ramberg (1966, p. 250) state 
"tinguaite dikes also seem to be universally present" in
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carbonati te complexes.
Fenitization is a unique process only associated with 
carbon dioxide—rich alkaline complexes. Their 
mineralogical and chemical effects on adjacent country 
rocks are well documented. The igneous rocks from the 
study area strongly duplicate the mineralogical and 
chemical trends associated with increasing fenitization.
In this study increasing fenitization corresponds to 
decreasing age in the igneous intrusive sequence. Chemical 
analyses (expressed as cations per 100 anions) from the 
Judith Mountains strongly overlap fenite analyses from 
various carbonatite complexes. Furthermore, temperatures 
of crystallization for the Judith Mountain igneous rocks 
correspond well with temperatures documented for fenites 
and rheomorphic fenites.
Feldspathization , or potassium«>metasomatism, is noted 
as a late metasomatic process (after fenitization) 
associated with the upper levels of a carbonatite within 
miaski ti c complexes, as is the Judith Mountains. This 
process as been described at depth below the Judith 
Mountains.
Regionally, the entire alkalic province of central 
Montana lies within the stable continent, adjacent to and 
slightly younger than the orogenic belt to the west. 
Furthermore, linear wrench faults and horst and grabben 
structures indicate the province lies within a region that
65
has experienced tensional stress. A common geological 
environment for the occurrence of carbonatite complexes.
Pecora (1962) described carbonatite in association 
with monzonlte and syenite in the Bearpaw Mountains.
Kimber1ites and diatrernes are commonly associated, either 
locally or regionally, with carbonatite complexes and Hearn 
(1968) described such occurrences along the Missouri River 
just north of the Judith Mountains. Furthermore, several 
proposed models for the igneous rocks throughout the 
province have cited a source area within the upper mantle.
These regional and local features support the 
suggestion that a carbonati tic mafic alkaline complex, with 
or without carbonatite, may exist under the Judith 
Mountains.
£stcsaeQstL&_MQdeL
The occurrence of si 1ica—saturated and undersaturated 
igneous rocks comprising the Judith Mountains has been the 
primary concern of all petrogenetic models proposed for the 
central Montana alkalic province. Fenitization is a 
metasomatic process which can introduce alkalies and 
simultaneously desilicate the host rock. Furthermore, 
conditions can be reached whereby fenites are able to 
mobilize and intrude as a magma.
It is proposed that the igneous rocks in the study 
area, and the majority of similar rocks throughout the
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range, are mobilized fenites of basement rocks associated 
with a carbonatite, or carbon dioxide-rich mafic alkaline 
complex emplaced at depth.
Alkalic magmas are characteristically saturated in 
carbon dioxide at depth (Rock, 1976; and many others).
Mysen (1975) reasons that intrusion of a carbon dioxide- 
saturated magma from mantle depths would force exsolution 
of a carbon dioxide—rich fluid phase upon decompression. 
This separate fluid phase provides the medium to transport 
the feni ti zing fluids from such magmas. Sodium, potassium, 
and ferric iron, the common major ions transported, are 
highly soluble in carbonate solutions. These solutions 
desilicate the country rock and alter the original minerals 
to more alkaline varieties and nucleate new minerals. 
According to Heinrich (1966), this fenitizing process 
begins to affect country rocks at considerable depth and 
would advance ahead of the ascending alkaline magma and 
carbonatite. Currie (1976) contends that this volatile 
phase is accompanied by a strong upward flux of heat that 
could cause melting of the fenites.
Field evidence of rheomorphic fenites is always 
described in zones lateral to the alkaline rocks or 
carbonatite because erosion has removed the rocks above the 
exposed complex. If mobilization of fenites can occur in 
lateral zones it is quite evident that rheomorphic feni tes 
should occur above a carbonatite complex where advancing
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feni ti zi ng fluids should maintain even higher temperatures.
Barrick (1982) found that tinguaite dikes contain 
ijolite inclusions. She attempted to explain the 
tinguaites as the felsic differentiate of an ijolitic magma 
produced through crystal fractionation. To account for the 
similar chemical plots. It is proposed the ijolitic magma 
was affected by fenitizing fluids from adjacent mafic 
alkaline magma. Some authors suspect ijolite magma may be 
feni ti zed pyroxenite.
Figure 5 is a schematic presentation of the 
petrogenetic model proposed for the igneous rocks within 
the study area. Fenitizing fluids (containing potassium, 
sodium, ferric iron, and heat) preceed and metasomatize the 
basement rocks above the advancing carbon dioxide-rich 
alkaline magma, either with or without carbonatite. As the 
magma continues to rise, earlier formed fenites undergo 
more advanced stages of progressive fenitization. With 
proper conditions the fenites begin to partially melt and 
intrude the overlying sediments to their present levels.
The intrusive sequence shows each subsequent intrusion was 
more metasomatized than the preceeding one. Tinguaite was 
the last intrusive rock to invade the exposed levels, 
possibly the felsic differentiate of a fenitized ijolite.
It is possible the carbon dioxide—rich mafic alkaline 
magma continued to rise to higher levels after emplacement 
of at least some mobilized fenite. This would explain the
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Figure 5* Schematic diagram of rheomorphic fenItes associated with a carbonatltlc mafic 
alkaline complex.
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intense feldspathization (potassic-metasomatism) and late 
quartz-calcite-f1uorite-barite veins observed by Hal1 
(1976) in the drill core from the Judith Peak-Red Mountain 
area.
It is common for several related carbonatite complexes 
to occur in a given area. This may be the case in the 
Judith Mountains. Within the study area tinguaite dikes 
and sills form a concentric pattern around the Elk Peak 
dome. Additionally, both Lewis Peak and Maginnis Mountain 
syenite bodies have intruded along the flanks of the Elk 
Peak dome. This indicates a common source for all the 
igneous rocks in the study area lies below Elk Peak.
Hall's (1976) investigation suggested a carbonati te lies 
under the Judith Peak-Red Mountain area. The Linster Peak 
dome shows similar patterns to the Elk Peak dome indicating 
a separate carbonatite-1ike complex at depth.
The petrogrenetic model proposed here is petro— 
graphically, chemically, and thermal1y consistent with 
published data concerning fenites associated with 
carbonati tic complexes. It provides a single process to 
account for the silica-saturated and undersaturated 
alkaline rocks related in time and space within the Judith 
Mountains and avoids the complicated models previous 
authors have proposed.
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APPENDIX I
Numeric tables and molecular variation diagrams 
of fenites from various localities.
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Cations Per 100 Anions 
Heather Ann Complex, Montana 
Schissel, 1981
(1) (2) (3)
Banded Syenite Syenite
Cation Fenite Fenite Fenite
Si 36.20 36.30 35.60
Ti 0.19 <0.01 0.06
AI 10.63 11.76 11.14
Fe3+ 2-10 2.28 2.98
Fe2+ 0.31 0.11 0.43
Mn 0.06 0.04 0.04
Mg 1.16 0.12 0.38
Ca 0.65 0.39 0.83
Na 5.75 8.24 6.55
K 6.01 2.96 4.91
P <0.01 0.01 <0.01
Total 63.10 62.26 62.98
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Cations Per 100 Anions 
Alno Island, Sweden 
McKie, 1966
80
<1) (2) <3) (4)
Syenite Syenite SyeniteCation Fenite Fenite Fenite Fenite
------------------ ------------------ . —  ..1
Si 35. 91 35.81 34.91 34.58Ti O. 12 0.23 0.17 0.20A1 9.62 11.63 11.44 10.71Fe3+ 2.33 0.55 1.06 0.71
Fe2+ 0.82 0.39 0.75 2.08Mn 0.05 0.03 0.05 0.09Mg 1.49 0.48 1.48 2.10Ca 4.20 1.26 2.54 3.07
Na 3.00 4.95 8.64 5.24
K 3. 14 6.21 2.55 4.04
P O. 14 0. 16 0.24 0.08
Total 60. 86 61.74 63.87 62.94
(5) (6) (7)
Syenite Polaskitic A1korthositic
Cation Feni te Feni te Feni te
Si 34.37 33.60 32-78
Ti 0.30 0.26 O. 13
A1 9.09 12.23 11.82
Fe3+ 1.69 0.95 2-41
Fe2+ 2.20 1.05 0.94
Mn 0. 11 0.06 0.05
Mg 2.24 1.43 0.26
Ca 3.71 3.41 2.27
Na 4.47 4.29 7.30
K 4.73 6.06 4.52
P 0. 12 0.27
—  ■' ~  * ~  ~
Total 63.08 63.64 62.53
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CATIONS PER 100 OXYGENS  
ALNO ISLAND 
Sweden
Mckie. 1966
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Cations Per 100 Anions 
Various Potass!c Fenite Localities 
McKie, 1966
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Cat!on
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AI
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Rock type and locality:
0 — Archean gneiss (fenite), Holla Farm, Fen
II — Fenite, Melteig, Fen
1 — Fenite, Melteig, Fen
F247 - Femic quartz-syenite (fenite), Tweerivier
F80 - Granite (fenite), Kareesloot, near Tweerivier
Ch - Altered pyroxene-granite or granulite (fenite), 
Chigwakwalu Hill, Tundulu 
Ng - Quartz-aegirine-magnesioarfvedsonite-fenite, 
Ngualla, Tanganyika
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CATIONS PER  100 OXYGENS  
SEVERAL FENITE LOCALITIES
Mckie» 1966
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Cations Per 100 Anions 
Melteig, Fen Area, Norway 
Barth & Ranberg, in Tuttle, 1966
Cation Fenite
Si 36.62
Ti 0. 19
A1 10.44
Fe3+ 1.41
Fe2+ 0.51
tin 0.05
Mg O. 35
Ca 1.89
Na 5.99
K 5.38
P 0.02
Total 62.90
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MELTEIG, FEN AREA 
Norway
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Cations Per 100 Anions 
Dorowa Carbonatite Complex, Rhodesia 
Johnson, in Tuttle, 1966
(1) (2) (3) (4)
Granitic Grani ti c Syenitic Pulaskitic
Cation Gneiss Fenite Fenite Syenite
Si 39.53 39.19 35.83 35. 16
Ti 0. 10 0.04 0.03 0.08
A1 9.37 9.58 9-23 10.79
Fe3+ 0-31 0.40 1.42 1.41
Fe2+ 0.57 0.23 0.38 0.57
Mn 0.01 0.01 0.06 0.03
Mg 0.68 0.36 2.70 1.31
Ca 1.30 1.61 3.53 2.63
Na 3.99 6.06 6.64 8.06
K 3.00 2.26 3.24 3.38
P 0.04 0.06 0.25 0.35
Total 58.94 59.84 63.37 63.83
K
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Cations Per 100 Anions 
Callander Bay, Ontario, Canada 
Currie & Ferguson, 1971
(1) (2) (3) (4)
Outer Zone Mid Zone Inner Zone Nepheline
Cati on Feni te Fenite Feni te Syenite
Si 38.54 37.90 35.48 32.43
Ti 0. 19 0. 17 0. 19 0.29
A1 9.90 9. 12 9.55 15-06
Fe3+ 0.50 1.22 2.80 1.15
Fe2+ 0.86 0.82 0.90 1.00
Mn 0.02 0.03 0-09 0. 08
Mg 0.57 0.91 1.22 1.63
Ca 0-99 1.81 2.03 1.41
Na 4.77 5.43 7.02 4.86
K 3.72 3.64 4.21 6.90
P 0-07 0.07 0.09 0-07
Total 60. 18 61. 16 63.62 64.93
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CATIONS PER  100 O X Y G EN S
CALLANDER BAY 
Ontario, Canada
C urrie  & Ferguson, 1971
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